The spin Hamiltonian parameters of 55Mn2+ in cubic ZnS have been determined by means of EPR and central-ion ENDOR, using Ka-band (35 GHz) microwaves. For the first time a value for the spherical electric quadrupole interaction of Mn2+ incorporated in a single crystal has been found. Also the ligand hyperfine interaction and the electric quadrupole interaction of the twelve Zn67 nuclei nearest to Mn2+ have been determined by means of ligand ENDOR.
Introduction
In our laboratory we are investigating by EPR and ENDOR the magnetic and electric hyperfine interactions in the ground state of S-state ions such as Mn2+ and Gd3+, when incorporated in single crystals. One of the quantities, which we are espe cially interested in, is the spherical electric quadru pole interaction between the nucleus of the para magnetic S-state ion and its unpaired half-filled shell. Being a free-ion quantity which in the ground state of an ion with a half-filled shell is zero in the non-relativistic limit, this quadrupole interaction is very useful to know for testing relativistie wave functions and many-body perturbation techniques 1. Using central-ion ENDOR we have shown2-4 for Gd3+ that the above mentioned quadrupole inter action varies only slightly when the ion is incorpo rated in various host lattices. Since in the case of Gd3+ the quadrupole interaction with the half-filled 4f-shell causes shifts in the central-ion ENDOR fre quencies which are often an order of magnitude larger than the observed ENDOR linewidths, the corresponding spin Hamiltonian parameter is not all too difficult to determine. However, for Mn2+, which has a half-filled 3d-shell, the situation is somewhat different. The quadrupole interaction in the ground state of the manganese atom has been measured by Evans, Sandars and Woodgate5 by the accurate method of atomic beam magnetic resonance. From their result it can be estimated that for the Mn2+-ion Reprint requests to Dr. R. de Beer, Department of Phys ics, Technische Hogeschool Delft, Delft, The Netherlands.
in a crystalline lattice one should expect ENDOR frequency shifts which are mostly smaller than the frequently occurring ENDOR linewidths. Neverthe less, the present state of art of the ENDOR technique, especially when using higher microwave frequencies (35 GHz) than X-band, encouraged us the perform central-ion ENDOR measurements on Mn2+, with the main purpose of trying to observe the spherical quadrupole interaction in the 6S ground state.
In this paper we report on the results of centralion ENDOR measurements on a single crystal of cubic ZnS doped with Mn2+. The reason for taking ZnS:Mn2+ was that this system was found to have rather strong central-ion ENDOR signals with rela tively small ENDOR linewidths, thus making it pos sible to measure most of the ENDOR frequencies with an accuracy of about one tenth of the expected maximal shifts due to spherical quadrupole inter action. We also report on the results of ligand ENDOR measurements on Zn67, which has only 4.12% natural abundance. Since we were primarily interested in determining the very small spherical quadrupole interaction of Mn55, the Zn67 ENDOR measurements were carried out less rigorouslv, using only first-order perturbation calculation for the pa rameter fitting.
ENDOR-Apparatus
The microwave part of the ENDOR apparatus consisted of a home-made Ka-band (35 GHz) super heterodyne spectrometer. The nuclear-resonance field could be provided by three commercial frequency modulated RF oscillators, which together covered a frequency range of 0.1 to 960 MHz. In the lowest frequency range up to about 50 MHz we used a Hewlett-Packard 8601 A sweep generator, the output of which could be maximally raised to 90 W by an ENI 350 L wideband power amplifier. In the range between 50 and 200 MHz we used a General Radio 1215-C butterfly oscillator combined with a 3W wideband power amplifier (Instruments for Indus try, type M 500). In the highest frequency range the output of 0.2 W of a General Radio 1209-C butterfly oscillator was directly supplied to the nuclear-reso nance coil. This coil (one single loop) was placed inside a cilindrical TE011 microwave cavity and made part of the inner conductor of the 50 Q co axial supply cable. Since the end of this coaxial line was matched to 50 Q (outside the Dewar vessel) the whole nuclear-resonance system was broadbanded. We had two rotational degrees of freedom to adjust the direction of the external magnetic field with respect to the crystallographic axes of the sample, since the electromagnet could be rotated about its vertical axis and the sample holder about a horizon tal axis.
Preparation of the Crystal
The crystal was grown by chemical vapour phase transport in a closed silica ampoule from homo geneously doped ZnS:Mn powder with 5 mg I2/ml as a transport agent. The ampoule was heated in a horizontal tube furnace, keeping the temperature of the growing crystal and the starting material at 700 °C and 900 °C respectively. The crystal grew as a boule with many cracks, from which a clear part was cut for the measurements.
Experimental Results

EPR Measurements
Results of various EPR measurements on natural and synthetic cubic ZnS: Mn2+ have been published by several investigators6-10. In the case of synthetic cubic ZnS:Mn2+ Schneider et al. 10 have shown that due to stacking faults along the [111]«, packing axis the crystals can have two homologous cubic centers, which are related to each other by rotation over 180° about the [111]^ direction. Also an axial center can be present with its axial symmetry axis along [111] w. To our knowledge no liquid helium temperature values for the EPR spin Hamiltonian parameters of cubic ZnS: Mn2+ have been reported in the literature. Therefore, we have measured the cubic EPR spectrum at 4.2 K since we needed to know accurately the value of the cubic crystal-field parameter a for the fitting of the ENDOR spin Ha miltonian parameters (all ENDOR measurements were performed at 4.2 K ). Like Schneider et a l. 10 we also observed the two homologous cubic centers and the axial center. Figure 1 shows the lowest hyperfine group {Mj= -5/2) for H parallel to the [001] axis of one of the two cubic systems. The relative intensities of the EPR lines clearly demon strate the correct assignment of the absolute signs of a and A by Watkins7. The broad lines near the central EPR line are due to the second cubic system, the [001] axis of which makes an angle of 70° 32' with H 10. 
Central-ion ENDOR on Mn55
All ENDOR measurements (also the ligand ENDOR reported later on) were performed with the external magnetic field H in the (110)w plane (see Figure 2) . The samples were oriented with respect to the direc tion of H (with an accuracy of about ± 0.5°) with the aid of the angular dependence of the axial EPR spectrum. Since for general angles 0 between H and [001] i (the index denotes cubic system I) the EPR spectra of the two cubic systems overlap, the mea surements were performed for G = 0°, 54° 44' and 144° 44'. For the latter two angles the two cubic EPR spectra coalesce and for 0 = 0° the outer lines of system I are not overlapping with system II (see Figure 1 ). The following spin Hamiltonian, speci- Apart from the electronic ^-factor and the cubic crystal-field parameter a, which were kept fixed at their EPR values, the other spin Hamiltonian pa rameters were fitted to the ENDOR data by means of exact diagonalization of the energy matrix and least-squares adjustment. The values for the adjusted parameters are listed in Table 1 . Also listed are the results of the EPR analysis (at 77 K) made by Schneider et a l 10. The agreement between calculated and measured ENDOR frequencies was rather good, the standard deviation of the differences being only about 1 kHz.
Ligand ENDOR on Zn{ 87
In the range of 1.5 to 7 MHz we observed a num ber of weak ENDOR-lines. The signal to noise ratio teristic for nuclei of the {ll0}-plane class in a lat tice of the zinc blende structure13. Hence the ENDOR lines could be attributed to the twelve Zn6' nuclei nearest to Mn2+ (see Figure 2) . The major part of the ligand hyperine interaction between Zn67 and Mn2+ was found to be isotropic. This meant that the ENDOR frequencies were centered around Knmr-Ms Ai/h\, where ^nmr = 2.664 x 10"4 MHz/G for Zn67 and A[ is the isotropic hyperfine inter action. In Fig. 6 ENDOR spectra is shown for the orientation H [001]. It already indicates that Aj/h is positive and of the order of 1 MHz. Using first-order per turbation theory the ligand ENDOR data were inter preted on the basis of the following nuclear spin Hamiltonian K N= I { -9 n ß N H -S + S-A n-ln + l n-P "-In} ,{ 2 ) n where / n = 5/2 for Zn67, n = la, 2a, . . . , 3c, 4c (see Fig. 2 ), A" is the ligand hyperfine interaction tensor and P" the quadrupole interaction tensor. If we specify the tensors in the crystal coordinate system The tensors of the other Zn-nuclei of the nearest {ll0}-plane shell are related to those of 4c by the symmetry operations of T,i, the site symmetry of Mn2+ in ZnS 10. Table 2 gives A-t , the tensor ele ments of B 4c and P 4c and the angles and aP . (3) 74° (2°) The angle aP defines the direction of the principal rr'-axis of P 4e in the same way as aB does for B ic.
Since the sign of Bxz is not determined by the ex periment 13 it was chosen in such a way that the principal rr'-axis is lying in between the Mn-Zn and the Mn-S internuclear axis. In the first-order calcu lation of the parameters we only used ENDOR fre quencies belonging to the Mn2+-state Ms = -5/2, Mi= -5/2), which is relatively pure. The same holds for the state \MS = + 5/2, M/ = + 5/2), but we could not observe ENDOR lines belonging to Ms = + 5/2, since for that electronic magnetic quan tum number the RF enhancement factor 14 £ = ( l -Afs Ai/gn ßN H}2 is almost zero accidentally.
Discussion
Central-ion ENDOR Parameters
To our knowledge for the first time a value for the spherical electric quadrupole interaction of Mn2+ incorporated in a single crystal has been determined. It appears that our value Q (ZnS: Mn2+) = -31 ± 14 Hz is about one third of the value Q (Mn) = -91 ± 4 Hz for the manganese atom, as deter mined by Evans, Sandars and Woodgate 5 by means of atomic beam magnetic resonance. We do not know whether this difference is due to the influence of the ZnS lattice. To gain information about the "solid-state effect" Mn2+ incorporated in other host lattices will be studied experimentally. Furthermore relativistie many-body perturbation calculations are in progress in our laboratory lo in order to study theoretical the Q of chemically bonded Mn2+. Our (absolute) value for the axial crystalfield parameter D is about three times larger than the value observed by Schneider et al 10, indicating that our samples contained considerably more stacking faults. It is interesting that our value -10.0 x 103 for the ratio D/P is quite different from the values -3 .4 x l0 3 and -1.3 x 103 found for the two manganese sites in La2Mg3(N03) 12-24H20:M n2+16, indicating that there is no clear correlation between D and P. Finally it should be pointed out that although the Q-and G-value seem to be small compared to B and P their effect on the ENDOR frequencies is of the same order of magnitude. This simply depends on the choice of the reduced matrix elements of the spin Hamiltonian operators, because of which the matrix elements of the Q-and G-term are somewhat large compared to the other matrix elements.
Ligand ENDOR Parameters
Although the natural abundance of Zn67 is only 4.12% we succeeded in finding ENDOR of the Zn67 nuclei nearest to Mn2+. No ENDOR signals of S33 could be observed, probably because the natural abundance is even lower (0.74%). The isotropic ligand hyperfine interaction of Zn6' as derived from ENDOR is about one half of the value J Aj/h = 2.25 ±0.15 MHz, determined by Schneider et al.10 from superhyperfine structure (SHFS) near the cen tral -1/2 ^ -f 1/2 {Mi) EPR lines. We have no explanation for this discrepancy. Unfortunately, we could not repeat the EPR measurements of Schnei der et al. since we did not observe any SHFS near our central -1 / 2^+ 1 / 2 (ilf/) EPR lines.
Chen, Kikuchi and Watanabe17 have expressed the ligand hyperfine interaction tensors for the twelve next-nearest ligands in zinc blende structure crystals in terms of molecular orbital and geometry parameters. Applying their theory (and notation) we can write The sum (A^ + Ac) becomes equal to the point dipole-dipole contribution in the limit of electro
